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progression and for providing an anti-apoptotic 
survival activity necessary for Ras- induced 
transformation 13 . These Rac-dependent growth- 
promoting signals are likely to be the outcome 
of superoxide production through a mechanism 
that is similar to the Rac2-promoted activation 
of the NADPH oxidase system in phagocytes. It 
has also been shown that malignant transforma- 
£ tion mediated by a constitutively active Cdc42 
o mutant Cdc42(F28L) is eliminated when the 
2 insert helix is deleted from the activated Cdc42 
35 molecule 14 . Cdc42 does not stimulate NADPH 
_5 oxidase activity nor is it thought to cause super- 
§ oxide production and, at the present time, the 
jj identity of the effector responsible for mediat- 
E ing the insert-dependent transforming signal of 
*S Cdc42 has not been identified. A provocative 
C possibility is that this cell growth-promoting 
^ effect of Cdc42 is related to the recent finding 
§" that Cdc42 stimulation of phospholipase D 
2 activity requires the insert helix 15 . Phospho- 
^ lipase Dl (PLD1) generates phosphatidic acid, 
.E a known mitogenic precursor, and Cdc42 was 
m shown to bind PLD1 in a GTP-dependent man- 



ner. Removal of the Cdc42 insert helix did not 
interfere with binding to PLD1 but completely 
eliminated stimulation of PLD activity. 

By analogy with the interaction between 
Rac2 and cyt b described above, it is attractive 
to consider a model where the switch I domain 
of Cdc42 mediates GTP-dependent binding to 
PLD1, while the insert region makes contacts 
with the enzyme that contribute directly to the 
catalysis of lipid hydrolysis. The analogy might 
even be carried one step further, given that both 
the Arf GTP-binding protein and protein kinase 
C (PKC) are capable of independently stimulat- 
ing PLD1 activity. These proteins act synergis- 
tically with Cdc42 and other Rho proteins to 
further stimulate PLD1 activity. It is tempting to 
imagine that the combined effects of Cdc42, 
Arf and PKC on PLD1 may occur through a 
similar mechanism as the combined regulatory 
effects of Rac and p67* Aax on cyt b. Thus, the 
work of Diebold and Bokoch gives us much to 
think about in terms of the mechanisms by 
which small GTP-binding proteins may regu- 
late diverse cellular activities that extend 



beyond the role of the phagocyte in the immune 
response. 
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EXHIBIT 

A- 



A minimal half-life of theTCR-pMHC 
interaction is required for complete T cell 
signaling (the kinetic proof reading model). In 
an extension to this model it is clear that the 
dwell time or half-life of TCR-pMHC 
interaction is also critical forT cell activation 



Resting T cells circulate continuously throughout 
the peripheral lymphoid organs where they scan 
the surface of antigen-presenting cells (APCs) for 
the presence of foreign peptide fragments bound 
in the groove of major histocompatibility com- 
plex (MHC) molecules. Detection of a specific 
peptide-MHC (pMHC) complex, expressed on 
APCs at a density of 0. 1-1 molecules/|xm 2 , is suf- 
ficient to trigger robust T cell activation. To carry 
out this formidable task, T cells use a specific 
receptor — the T cell antigen receptor 
(TCR) — that recognizes a specific pMHC com- 
plex and relays the information to the interior of 
the T cell (Fig. la). Most receptors encountered 
in biology are precommitted to bind a given lig- 
and with invariant parameters. In contrast, the 
antigen-binding site of the TCR is formed by sto- 
chastic somatic DNA recombinations and can 
interact with different affinities with a spectrum 
of peptides complexed to a self-MHC molecule. 
Importantly, the TCR appears to be capable of 
translating small quantitative differences in ligand 
binding into qualitatively different signals. 



In turn, this leads to T cell responses that 
range from maximal activation to desensitiza- 
tion. The ability to produce such a diverse range 
of responses plays a role in thymic selection and 
may have an impact on interclonal competition 
during the course of an immune response. In this 
issue of Nature Immunology, a report by 
Nathenson and colleagues provides a link 
between the kinetics of TCR-pMHC interactions 
and the effectiveness of T cell responses 1 . 
Distinct mutations affecting residues important 
for antigen recognition by the TCR led to either 
shortened or prolonged TCR-pMHC interac- 
tions. Interestingly, both types of mutations were 
found to be detrimental for T cell activation. 

Any ligand-receptor interaction that occurs in 
solution and displays a simple reversible 1:1 
binding can be described by the rate of sponta- 
neous association (k^) and dissociation (fea), and 
by their ratio fes/A^, known as the dissociation 
constant (K D ). The ability to engineer soluble 
monomelic TCR and pMHC molecules led to 
the characterization of the kinetic and thermody- 



namic parameters of a few TCR-pMHC interac- 
tions 23 . Low-affinity values (K D =\~90 uM at 
25 °C) reported for agonistic pMHC ligands 
resulted from both slow Aon and fast fc ff values. 
The unusually slow noted for TCR-pMHC 
interactions is probably due to structural read- 
justments that occur in the TCR complementari- 
ty determining regions (CDRs) upon binding to 
the pMHC surface 4 . A given TCR can bind to a 
self-MHC molecule complexed to the cognate 
peptide or to some of its structural analogs 
obtained by mutating the peptide residues that 
correspond to TCR-contact sites. The distinct 
half-lives and note that ko S = ln2/A/2> of these 
interactions constitutes a better predictor of the 
biological potency of ligands than the K D value 5 . 

In the case of the 2B4 TCR, half-lives of 
approximately 12, 2, and 0.2 s were determined 
for pMHC complexes that behaved as a strong 
agonist, as a weak agonist (capable of eliciting 
only a portion of the activating events) or as an 
antagonist (capable of weakening or preventing 
activation by agonists), respectively. This rather 
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narrow range of half-lives suggests 
that the events discriminating pro- 
ductive from nonproductive sig- 
naling events occur on a time-scale 
of seconds. Thus, the TCR embod- 
ies not only a switch that turns on 
the signal in response to a specific 
ligand but also a timer that, 

E depending on the half-life value, 

u determines the T cell response. 

£ Whereas a single pMHC corn- 
's; plex binds only one TCR molecule 

^ at any one instant, it can serially 

§ engage up to 200 different TCR 

g molecules in less than 1 h 6 . This 

E seminal observation, together with 

?the short TCR-pMHC half-lives, 

§"the limited expression of specific 

£ pMHC ligands (10M0 3 copies per 

§" APC), and the fact that several 

8 hours are necessary to ensure naive 

W T cells interact successfully with an 

£ APC, led to the "serial triggering" 

« model of T cell activation 6 . This 

2 model speculates that the few spe- 
ll, cific pMHC complexes that accu- 

Smulate at the center of the 

55 immunological synapse — a dedi- 

2 cated and highly organized area of 

o the T cell-APC interface 5 — have 
o 

m the capacity to sequentially trigger 
©a few thousand TCRs over the 

€ time-frame of a standard T cell- 
APC interaction. This allows a 
given T cell response to be 
switched on only when a minimal 
threshold number of TCRs func- 
tion in parallel per unit of time and 
for a sustained period 

As the pMHC ligand dissoci- 
ates, TCRs are removed from the 
cell surface by internalization. New 
ones take their places and the spe- 
cific pMHC complexes are imme- 
diately bound again by the incom- 
ing TCRs. Provided that the consti- 
tutive desensitization mechanisms, 
which are implicit to the above 
model, quench TCR signaling over 
a time-frame that is comparable to 
TCR half-lives, a pMHC complex expressed in 
limiting amounts and with a long half-life for its 
cognate TCR should hamper serial triggering 
and be detrimental to T cell activation. Nathen- 
son and colleagues have established this impor- 
tant corollary of the serial triggering model 1 . 
This constitutes a valuable achievement because 
the "partner swapping", thought to be the basis 
of this model, remained to be formally estab- 
lished by fluorescent photobleaching recovery. 




Figure 1. (a) Composition of the TCR complex and of its proximal intra- 
cytoplasmic effectors. A pMHC complex binds simultaneously to a specific TCR 
and to a CD4 or CD8 coreceptor. This brings Lck (a tyrosine kinase associated 
with CD4 and CD8) in close proximity to the tyrosine-based activation motifs 
found within the CD3-transducing su bun its. Once phosphorylated, these motifs 
recruit the ZAP-70 tyrosine kinase. Also, the palmitoylated CD4 or CD8 mole- 
cules facilitate the recruitment of LAT, a raft-associated membrane protein that 
(after phosphorylation by ZAP-70) serves as a platform for the assembly of a spe- 
cific complement of signaling proteins. The TCR-CD4 or CD8 heterodimerization 
induced by specific pMHC ligand should be seen as a way of enhancing the rate of 
appropriate collision between Lck and its substrates. The clustering of manyTCR- 
CD8 complexes within the immunological synapse simultaneously enhances 
homologous and heterologous transphosphorylation events. According to the 
kinetic proof-reading model, the delivery of secondary messenger molecules is 
maintained as long as the TCR and CD4 or CD8 coreceptor engage the same 
pMHC molecule, (b) Relationship between T cell responsiveness and the 
half-life of the TCR-pMHC interaction. pMHC ligands with progressively 
longer half-lives for a given TCR may stimulate the T cell increasingly well until a 
plateau of maximum stimulation is reached (left). Alternatively, pMHC ligands with 
shorter or longer half-lives than the optimum value will exhibit a decreased abili- 
ty to stimulate T cells (right). 



To address this, they developed a panel of T 
cell hybridomas that express either a TCR spe- 
cific for an H-2K b -restricted vesicular stomati- 
tis virus (VSV) peptide or TCR variants that 
differ only by point mutations in CDR30 posi- 
tions. After assessing them for their ability to 
trigger interleukin 2 (IL-2) release in response 
to VSV peptide-pulsed K b -positive cells, they 
used K b -VSV tetramers to determine both the 
avidity and apparent half-life of the correspond- 



ing TCR-pMHC interactions. When 
measured on T cells displaying the 
same state of activation and the 
same density of TCR and CD8 
coreceptor, the amount of tetramer 
binding observed at equilibrium 
generally correlated with the TCR 
Kd. In addition, despite their multi- 
valency, the staining decay kinetics 
of pMHC tetramers appeared pro- 
portional to the half-lives of the 
individual TCR-pMHC interac- 
tions. 

Among the TCRs analyzed by 
Nathenson and colleagues, two 
showed markedly distinct signaling 
abilities in the face of similar avid- 
ity. When their respective ko S values 
were determined, the defective 
TCRs showed a longer apparent 
half-life than the signaling-profi- 
cient one. They elegantly corrected 
a TCR mutation with a mutation in 
the pMHC ligand. Specifically, 
they engineered a VSV-K b ligand 
that contains a mutation in a posi- 
tion of the rx2-helix thought to be 
an important TCR-contact site. 
Remarkably, when challenged with 
this mutant ligand, the TCR defec- 
tive for the wild-type VSV-K b lig- 
and, regained some functional abil- 
ity that correlated with a shorter 
apparent half-life for the mutant 
VSV-K b ligand. 

Based on a comprehensive study 
of an extended series of TCR and 
pMHC mutants, Kalergis et al ;con- 
cluded that there exists an optimal 
half-life for T cell activation and 
that pMHC variants with either a 
higher or lower half-life than this 
optimum value exhibit decreased 
bioactivity (Fig, lb). The Gaussian 
shape of the half-life-effect curve 
they report reflects the subtle oppo- 
site constraints that TCRs have to 
deal with. They need to interact with 
ligand long enough to allow 1 the 
assembly of an appropriate signal- 
ing complex capable of delivering a quantum of 
signal, but briefly enough to permit their disen- 
gagement from the ligand around the time their 
signaling ability has been quenched. 

Two recent papers 7,8 appear, at first glance, to 
contradict the conclusions of Nathenson and 
colleagues. In both instances, substantial differ- 
ences in the biological potency of pMHC lig- 
ands were not reflected by commensurate differ- 
ences in the affinities and kinetic rate constants 



http://tmmunol.naturexom 



march 2001 



volume 2 no 3 



nature Immunology 



197 



of the corresponding TCR-pMHC interactions. 
Given the variety of assays used to estimate the 
parameters of TCR-pMHC interactions, it is dif- 
ficult to make comparisons among different 
studies. It is, however, possible to incorporate all 
these data within the frame of a Gaussian half- 
life-effect curve, as long as it is assumed that the 
A6 TCR-HTLV-1 Tax peptide-HLA-A2 7 and 
E the 2C TCR-dEV8-H-2K b (ref. 8) complexes 
o ranked fortuitously at its upper and lower end, 
£ respectively. A few other'cases exist where the 
■g kos of the TCR-pMHC interaction is not the sole 
JS determinant of biological activity 9 . Related to 
§ this, it should be mentioned that some of the 
| TCR mutants engineered by Kalergis and col- 
E leagues show an increase in binding, but not in 
^ apparent half-life, which pointed towards an 
S"efTect of some CDR3P mutation on the km value. 
£ The fen of sets of related receptor-ligand combi- 
(jnations, where induced-fit mechanisms do not 
S occur, are generally similar to each other. In 

c 



addition, their respective K D values for a fixed 



ligand usually correlate with their K>n values (a 
measure of the number and the quality of all 
atomic interactions within the receptor-ligand 
binding interface). However, considering that 
both the length and the composition of CDR3s 
vary from one TCR to another and probably 
control the breadth of binding-site flexibility, it 
is likely that extensive analysis of TCR-pMHC 
interactions will reveal that values are not 
confined to a narrow range and a more rapid Aon 
may also improve serial triggering. 

Contrasting with the view that it is the fc ff , 
rather than the AT D , that determines pMHC bioac- 
tivity, for some cytotoxic effector T cells it has 
been shown that a decrease in the fc ff of the TCR- 
pMHC interaction could be compensated for by 
increasing the pMHC density on target cells 10 . 
This may reflect the fact that the molecular inter- 
actions occurring between two apposed cell 
membranes cannot be studied simply by using 
parameters extracted from conventional methods 
dealing with soluble reagents 11 . Regardless of the 



above limitations, the recent possibility to manu- 
facture in vitro TCR with an affinity 100-fold 
higher than that of naturally occurring ones 12 , 
should provide very appropriate reagents to fur- 
ther assess the effects of TCR-pMHC affinity on 
T cell responses. 
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^ MultifaCGtGd rOlGS Of M H C ' n addition to the TCR and classical MHC class 
* I, MHC class 1 -like molecules can interact with 

Iclass I and MHC class l-like a variety of receptors that play a role inT cell 

Imolecules inT cell ^Ta^TT^Z 020 ^' 

specific otp CD8 + cells by MIC was found to 
provide them with a costimulatory signal and 
augment their cytotoxic response. 
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The ap T lymphocytes recognize antigens pre- 
sented in the groove of classical major histocom- 
patibility (MHC) molecules via their T cell 
receptor (TCR). This paradigm is central to our 
understanding of the immune response. 
However, it has recently been recognized that 
classical MHC class I (MHC class la) and MHC 
class I— like molecules interact with many other 
receptors whose engagement controls T cell acti- 
vation. In this issue of Nature Immunology, Spies 
and colleagues provide new information con- 
cerning this phenomenon. They show that 
NKG2D, a receptor for the MHC class I-like 
molecules called MIC, can serve as a costimula- 
tory molecule on cytomegalovirus (CMV)-spe- 
cific CD28"CD8 + T cells 1 . These data are impor- 
tant for two reasons. First, they reveal an unex- 
pected role for MIC molecules during viral 
infection. Second, they reveal a role for NKG2D 
as a costimulatory molecule for ap TCR signals 
and thus contribute to the "chiseling out" of a 
new paradigm in the field of T cell activation. 
MHC class I chain-related proteins called 



MICA and MICB are human MHC class I-like 
molecules that do not bind either peptides or 
peptide surrogates (such as lipids) and do not 
associate with P2-microgIobulin 2 . The expression 
of MIC molecules has been reported in the 
intestinal epithelium as well as in diverse tumors 
of epithelial origin 3 . Spies and colleagues show 
that CMV infection induces MIC expression on 
in vifw-infected fibroblasts and endothelial 
cells 1 . In addition, they report the expression of 
MIC proteins in lung tissue sections from CMV- 
infected patents. These data extend the spectrum 
of MIC distribution and indicate that the cell sur- 
face expression of MIC protein can be up-regu- 
lated not only by heat shock but also upon CMV 
infection. Whether other viral infections and cel- 
lular distress factors provide the signals neces- 
sary to induce MIC cell-surface expression is an 
open question, one which will be undoubtedly 
investigated in the near future. 

MIC molecules interact with NKG2D 4 . 
Human NKG2D is a lectin molecule that is 
expressed on the vast majority (if not all) of 76 T 



cells, CD8 + T cells and natural killer (NK) cells 
as well as on a small subset of CD4 + T cells 4 . In 
addition, mouse NKG2D has been described on 
activated macrophages 5 . MHC class I-like lig- 
ands for NKG2D, other than MIC molecules, 
have also recently been identified. They include 
UL-16 binding proteins (ULBP) in humans 6 , as 
well as retinoic acid early transcript 1 (Rae-1) 
and H-60 (a previously described minor histo- 
compatibility antigen) in the mouse 5,7 . Soluble 
human NKG2D lectin domains can also bind 
soluble purified HLA-A, HLA-B and HLA-C 
molecules on their own 8 , although no cellular 
assays have completed this study. Spies and col- 
leagues now show that MIC-NKG2D engage- 
ment on human CD8 + CD28~ aP T cells aug- 
ments their cytotoxic response and provides 
them with a costimulatory signal for cytokine 
production and proliferation 1 . Although the for- 
mal demonstration that NKG2D-signals are 
dependent upon ap TCR engagement is not 
included in the article by Groh et al.i the new 
data strongly suggest that NKG2D engagement 
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The antigen receptors made by lympho- 
cytes are antibodies, which exist as 
soluble and cell-bound molecules, and T 
cell receptors (TCRs), which are always 
found on cell surfaces. The function of 
these receptors in immunity depends on 
their specificity and affinity for antigen. 
Specificity — the potential to bind one 
unique chemical structure more strongly 
than a number of similar alternatives — is 
established by antibody and TCR gene 
rearrangements early in a lymphocyte's 
ontogeny. Affinity — the equilibrium con- 
stant for antigen complexation (which we 
express as a dissociation constant, K&) — 
can increase radically in the antibody- 
producing B lymphocytes as a result of 
somatic hypermutation of antibody genes 
and selection of cells with improved bind- 
ing phenotype (1, 2), an antigen-driven 
process known as affinity maturation. Al- 
though the extent of somatic hypermuta- 
tion of rearranged TCR genes remains 
controversial (3), affinity maturation of T 
lymphocytes at the level of cell popula- 
tions by selection of the available reper- 
toire recently has been described (4). 

The affinities of antibodies and TCR 
obtained in vivo tend to fall within char- 
acteristic ranges constrained by biological 
requirements imposed during the ontog- 
eny of B and T cells, about which more will 
be said later. Affinity maturation in vitro , 
as a rule, is not subject to the same 
biological constraints. In particular, affin- 
ity ceilings observed in vivo should not 
apply. The affinities of exhaustively in vitro 
matured antibodies or TCR should in- 
stead approach either a methodological 
ceiling intrinsic to the specific maturation 
protocol used or a molecular ceiling in- 
trinsic to the architecture of antibodies 
and TCR. Two papers in PNAS describe in 
vitro affinity maturation of a TCR and an 
antibody using an ingenious system of 
yeast surface display (5, 6). In vitro TCR 
affinity maturation has not been reported 
previously. In vitro affinity maturation of 
antibodies has been described by several 
groups (7, 8), but never with so spectac- 
ular an endpoint, a K<x of 5 X 10" 14 M. In 
both the TCR and antibody cases the 



affinities ultimately obtained are orders of 
magnitude beyond the affinity ceilings 
observed in vivo. In this commentary we 
compare the in vivo affinity constraints 
with the in vitro constraints of the yeast 
system and comment on how breaking the 
affinity ceiling may affect basic immunol- 
ogy and immunotherapy. 

Yeast Display 

Boder and Wittrup (9) several years ago 
developed a yeast-based system for sur- 
face display of recombinant proteins. The 
main element of this system is a fusion of 
the recombinant gene to the AGA2 gene 
of Saccharomyces cerevisiae. The AGA2 
fusion protein is secreted and attaches 
through two disulfide bonds to the AGA1 
gene product, which is covalently linked to 
the fibrillar layer of the yeast cell wall (10). 
This arrangement leaves the recombinant 
fusion protein on the outside of the cell, 
hence biochemically selectable, and the 
gene encoding the fusion protein on a 
plasmid inside the same cell, hence recov- 
erable. The yeast can display thousands of 
copies of the recombinant fusion protein 
per cell and can be stained with fluores- 
cent ligands and sorted by flow cytometry. 

Antibodies 

Besides recognizing antigen through their 
surface antibodies, B cells can internalize 
and fragment protein antigens and present 
antigen to T cells in the form of peptides 
bound in the groove of MHC molecules. 
Specific antigen recognition by a surface 
antibody on a B cell, followed by endocy- 
tosis, leads to efficient antigen presenta- 
tion (11), initiating cytokine release, B 
and T cell proliferation and differentia- 
tion, somatic hypermutation, and so on. 
We argued in an earlier commentary (12) 
that the residence time of an antigen 
complexed to a B cell surface antibody 
would constrain the dissociation rate con- 
stant (fcoff) selectable in vivo. The kernel of 
our proposal was that antibody-antigen 
complexes with lifetimes much longer 
than the time necessary for uptake would 
all be processed equally well, hence could 
not be distinguished. Batista and Neuberger 



(13) recently demonstrated that this is so. 
They cocultured antilysozyme antibody 
transfectomas with lysozyme-specific T cell 
hybridomas, added soluble lysozyme at var- 
ious concentrations, and monitored IL-2 
release by the hybridomas as an indicator of 
antigen presentation. The lifetime of the 
antibody-lysozyme complex was varied by 
mutations in either the lysozyme or anti- 
body. The result was that antibody-lysozyme 
pairs with a bound lifetime of 12 min or less 
showed an IL-2-vs.-antigen response that 
was very sensitive to fc 0 ff, whereas all pairs 
with a longer lifetime behaved identically 
regardless of /c 0 ff. 

Residence time of an antigen bound to 
a surface antibody is also a key parameter 
in the in vitro affinity maturation system, 
although the antigen is not internalized by 
the yeast cells. In this method, yeast ex- 
pressing a library of mutant antibodies are 
first saturated with fluorescent antigen, 
then treated with a nonf luorescent com- 
petitor antigen. Excess competitor makes 
dissociation of the fluorescent antigen ef- 
fectively irreversible, and gradually the 
labeled cells lose their fluorescence. The 
time the competition is allowed to con- 
tinue is critical. If too short, fluorescence 
differences between the wild type and a 
slower-dissociating mutant will be indis- 
tinct. If too long, all cells will be equally 
nonfluorescent. Boder and Wittrup (14) 
developed an elegant mathematical foun- 
dation for an optimal selection strategy. 
Given some typical experimental condi- 
tions and a desire for moderate stepwise 
improvements in /c Q ff, the optimal incuba- 
tion time for a selection step is approxi- 
mately 5/A;off. Boder et al (6) used this 
model assiduously in the antibody in vitro 
affinity maturation work. They made ki- 
netic measurements at each of four rounds 
of mutagenesis and selection of an anti- 
f luorescein antibody and adjusted compe- 
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tition times and flow sorting parameters 
accordingly. Their results beautifully 
match the theory, and antibody-hapten 
stabilities of selected mutants march in 
clusters down a fc 0 ff plot, with regular 
kinetic improvements at each round of 
mutagenesis and selection. In the final 
round, incubation of labeled cells with 
nonf luorescent competitor continued for 
5 days, a far longer interval than the 
12-min window observed in vivo (13). Re- 
markably, the improvements in k 0 n and in 
affinity showed no sign of reaching a 
plateau in the last round. Therefore, nei- 
ther an intrinsic molecular ceiling for 
antibody-hapten affinity nor a method- 
ological ceiling inherent in the mutagen- 
esis and selection protocol was reached. 
However, the methodological ceiling must 
be near: a further round of affinity mat- 
uration would require incubation with 
competitor to last on the order of a month. 
During this time the yeast would have to 
remain viable without dividing, and the 
surface antibody would have to resist 
unfolding. 

TCRs 

The TCRs we discuss here are the a/3 
heterodimers present on most T cells. The 
natural ligands for these receptors are 
peptide-MHC (pepMHC) complexes on 
the surface of other cells with which they 
are in contact. The peptides normally are 
derived by intracellular fragmentation of 
proteins, including indigenous or patho- 
gen-encoded protein, but the MHC mol- 
ecules are encoded by the host genome. 
Antigen recognition by T cells can result 
in various protective functions, including 
(i) destruction of virus-infected cells by 
cytolytic T lymphocytes that express the 
CD8 coreceptor, and (ii) release by vari- 
ous T cells expressing the CD4 coreceptor, 
of cytokines that either enhance antibody 
production by B cells or cause local 
inflammation. 

Before discussing limits on TCR affinity 
in vivo, we note that evaluation of TCR- 
pepMHC affinity and its significance is 
beset with methodological and conceptual 
problems. For one, the value of a TCR- 
pepMHC affinity constant depends on the 
way the measurement is made. TCR af- 
finity values generally are determined 
with monomeric soluble pepMHC com- 
plexes either with the TCR having also 
been obtained in soluble form and immo- 
bilized on a biosensor chip ("cell-free" 
affinity), or with the TCR in its natural 
state as an integral membrane protein on 
live T cells. With live T cells, K A values 
(intrinsic affinity) have been found to vary 
from slightly above 100 fjM to 0.1 uM. In 
cell-free systems the values tend to be 
weaker. One difference is the absence in 
the cell-free system of the CD8 coreceptor 
found on cytotoxic T lymphocytes. CD8 



interacts with a conserved MHC domain 
on target cells at a K d of 10~ 4 M, and the 
free energy of this interaction could boost 
the observed affinity of TCR for pepMHC 
(15, 16). Second, specific T cell responses 
to the pepMHC they recognize (also 
termed epitopes) on target cells appear to 
be determined by affinity of the TCR for 
its epitope and the number of copies of the 
epitope per target cell (epitope density). 
The epitope density is a fundamental pa- 
rameter for interpreting TCR affinity as it 
applies to T cell function, yet epitope 
densities are difficult to measure and only 
a few values have been directly deter- 
mined. The least ambiguous approxima- 
tions come from cell lines expressing 
surface MHC molecules having empty 
peptide-binding sites. Extracellular pep- 
tides can bind to these MHC molecules, 
thereby creating epitopes on target cells. 
For peptides that react similarly with any 
particular MHC, relative epitope density 
values thus have been estimated from the 
concentration of free peptide needed to 
elicit a T cell response of a particular 
magnitude (e.g., half-maximal lysis of tar- 
get cells in cytolytic reactions). 

A TCR epitope includes both the anti- 
genic peptide and adjacent regions of the 
MHC molecule's peptide-binding site. In 
developing the capacity for this dual rec- 
ognition, T cell precursors in the thymus 
(thymocytes) undergo two processes that 
bear on the affinity ceiling for antigen 
recognition. T cell precursors able to rec- 
ognize thymic (self) peptides bound to 
MHC are positively selected, in that they 
continue to develop. Perhaps 95% of cells 
fail this test and are eliminated, but the 
remainder are imprinted with an ability to 
recognize one or another of the host's own 
MHC molecules (17, 18). Negative selec- 
tion in the thymus eliminates positively 
selected cells that react too strongly with 
thymic pepMHC and thus could become 
dangerously autoreactive. The positive- 
negative selection model defines a window 
in which thymocytes die if TCR engage- 
ment by self-pepMHC exceeds some up- 
per affinity limit and fail to survive if 
below some lower limit (19). The actual 
limits have not been quantified. The af- 
finity cutoff for negative selection in the 
thymus is the first of three in vivo TCR 
affinity ceilings we discuss. 

The second affinity ceiling applies to 
mature T cells in encounters with antigen 
and is the intrinsic affinity sufficient for 
recognition of a vanishingly low epitope 
density, approaching 1 epitope per target 
cell. When TCR affinity is at the upper 
limit of the values determined on live cells 
(Ka 0.1 iiM), low epitope densities can 
elicit a strong T cell response with free 
peptide concentrations between 1 and 0.1 
pM and fewer than 10 epitopes per target 
cell. Many orders of magnitude higher 



free peptide concentrations are required 
to elicit similar responses when the TCR 
affinity is low, e.g., 100 ^M. As with B 
cells, T cells must engage antigen to sur- 
vive, proliferate, and differentiate into 
memory cells. T cells able to respond to 
low epitope density will have a survival 
advantage over T cells that remain unre- 
active until high epitope density is 
reached. The reciprocal relation between 
epitope density and TCR affinity has an 
endpoint at <10 pepMHC molecules per 
target cell and TCR intrinsic 10 7 M 
(20, 21). At this endpoint so few epitopes 
per target cell are required that the effi- 
cacy of T cells in cytolytic reactions would 
not be enhanced by higher intrinsic affin- 
ity values (20). 

A third in vivo TCR affinity ceiling is 
possible (22). A passive limit for TCR 
affinity might be envisioned, in which, 
say, 10~ 7 M is the maximum selectable 
affinity. Higher affinity clones arise, but 
with no reason for these clones to dom- 
inate the repertoire, are not detected. 
Alternatively, very high affinity — the re- 
sult, say, of a very slow /c 0 ff — might be a 
disadvantage, and such T cells may fail to 
proliferate or even be actively elimi- 
nated, entailing a third affinity ceiling. 
Valitutti et al. (22) found that one pep- 
MHC on a B cell can engage and down- 
regulate many TCR on a T cell hybrid- 
oma. The serial engagement of TCR 
molecules on a T cell by pepMHC on a 
target cell seems to be necessary for 
specific T cell responses, suggesting that 
transient signaling by many receptors 
gives a greater stimulus to cellular acti- 
vation than constant signaling by a single 
receptor. If so, a clear rationale for an 
off-rate limit would be that an inability 
for pepMHC to disengage from one TCR 
and rebind another would render a T cell 
less able to activate than one with a 
better balance between k 0 n and k on . 

In another type of recognition model, 
kinetic proofreading (23, 24), TCR- 
pepMHC engagement is coupled to an 
exergonic specificity-validating t process. 
This means of increasing biological spec- 
ificity originally was formulated around 
the fidelity of protein synthesis^ in which 
amino acid side chains of similar chemical 
structure must be distinguished (25). Such 
a model is attractive for T ceil antigen 
recognition because the interaction of 
TCR with self-MHC and accessory mole- 
cules such as CD8 contribute to affinity 
without contributing to specificity, and the 
actual free energy of binding caused 
purely by the antigen is low. Kinetic proof- 
reading is much more efficient if recogni- 
tion of a cognate structure is not only 
enhanced, but inappropriate recognition 
of a noncognate structure is penalized 
(26). Models reformulated for T cell an- 
tigen recognition that embody this princi- 
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pie (25) can account for many observed 
phenomena, including antagonism of rec- 
ognition by altered peptides. Such models 
typically equate long TCR-pepMHC com- 
plex lifetime with valid recognition and 
short lifetime with invalid recognition, 
respectively, yielding positive and negative 
signals for T cell activation. The import for 
a third affinity ceiling is that the optimal 
fcoff is slow enough to guarantee sufficient 
time for the specificity validation process 
to initiate a positive signaling cascade. Still 
slower values are not an advantage, but 
neither are they a disadvantage unless a 
serial engagement mechanism operates as 
well. 

Some recent studies contend that it is 
not the affinity of TCR-pepMHC inter- 
actions but the dissociation rate of the 
TCR-pepMHC complexes formed by this 
interaction that determine the T cell's 
response. The signal transduction reac- 
tions triggered by TCR ligation are un- 
likely to approach equilibrium, and the 
outcome of any particular reaction is in- 
deed likely to depend on the stability of 
intermediate complexes. But TCR liga- 
tion by pepMHC, the initial step in T cell 
activation, has been shown to approach 
equilibrium (27), and thus the average 
number of TCR-pepMHC complexes 
formed in a T cell-target cell encounter is 
determined by the equilibrium constant. It 
is this number, together with the first- 
order dissociation of these complexes, that 
determines how many complexes survive 
long enough to trigger the next step in T 
cell activation. Thus it is not a question 
whether T cell responses are driven by k 0 ff 
or affinity: both are linked in the initial 
TCR ligation reaction upon which specific 
T cell responses depend. 

Holler et al (5) derived a high-affinity 
TCR using yeast surface display methods 



analogous to those described above for in 
vitro antibody maturation. Starting with a 
temperature-stabilized single-chain TCR 
from the receptor of an extensively stud- 
ied T cell clone called 2C, they selected 
from a library of 10 5 yeast clones 15 
mutants having higher affinity for a par- 
ticular pepMHC complex. The affinity of 
the most reactive mutant (9 nM) was 
about 100 times greater than that of the 
original receptor. 

Concluding Remarks 

The overall lesson from antibody and 
TCR in vitro affinity maturation is that 
mechanisms generating these molecules in 
vivo operate in an affinity regime far be- 
low the inherent potential of antibodies 
and TCR for ligand binding. The most 
significant aspect of in vitro affinity mat- 
uration of antibodies is perhaps practical, 
in that escape from the in vivo affinity 
ceiling may make possible an improved set 
of reagents for diagnosis and therapy. 
Breaking the TCR affinity ceiling has 
great practical ramifications as well, but 
equally significant are the possibilities cre- 
ated for testing fundamental hypotheses 
of T cell antigen recognition. The poten- 
tial usefulness of high-affinity TCR is ev- 
ident from the ability of the affinity ma- 
tured 2C to specifically stain cells that 
display the appropriate pepMHC com- 
plexes. High-affinity TCR thus might pro- 
vide specific reagents for measuring 
epitope densities. If they can be expressed 
on T cells, they also make it possible to 
determine an affinity limit above which T 
cell responses are impaired. They also 
could serve as useful reagents to detect 
particular pepMHC complexes important 
for stimulating the autoreactive T cells 
involved in autoimmune disorders. 



A soluble molecule consisting of a 
TCR-like recognition component and a 
toxic effector component could be useful 
therapeutically for certain autoimmune or 
infectious or neoplastic diseases. The 
weak affinity of the currently available 
TCR has been a barrier to development of 
such fusion proteins for therapy. Their 0.1 
liM ceiling is in the range of only the 
weakest antibody affinity acceptable for 
therapy (28). The work by Holler et al (5) 
clearly removes this barrier. However, an- 
other barrier arises from MHC polymor- 
phism. A TCR specific for a particular 
epitope in one patient may be ineffective 
in others lacking that MHC, either be- 
cause their MHC molecules do not bind 
the peptide or the resulting pepMHC 
complexes are not recognized by that 
TCR. And a third barrier may exist if 
a soluble high-affinity TCR were to re- 
act strongly with foreign (allogeneic) 
MHC — the phenomenon called alloreac- 
tivity. Nevertheless, under circumstances 
where a particular MHC molecule occurs 
frequently and its associated pathogenic 
peptide is known (e.g., HLA-DR4 and an 
encephalitogenic peptide in multiple scle- 
rosis), a high-affinity TCR derived from a 
representative patient's T cells conceiv- 
ably could prove useful in ablating unde- 
sirable antigen-presenting cells in many 
other affected individuals. Overall, high- 
affinity TCR generated by yeast display 
could provide the starting point for the 
development of novel diagnostic and ther- 
apeutic agents. 

This research was supported by the Arthritis 
Foundation and National Science Foundation 
Grant 9807.950 (J.F.) and National Institute of 
Health Grants AI44477 and CA 60686 
(H.N.E.). 



1. Eisen, H. N. & Siskind, G. W. (1964) Biochemistry 
3, 996-1008. 

2. Rajewsky, K. (1996) Nature (London) 381, 751- 
758. 

3. Zheng, B., Xue, W. & Kelsoe, G. (1994) Nature 
(London) 372, 556-559. 

4. Busch, D. H. & Pamer, E. G. (1999)/ Exp. Med. 
189, 701-710. 

5. Holler, P. D., Holman, P. O., Shusta, E. V., 
O'Herrin, S., Wittrup, K. D. & Kranz, D. M. 
(2000) Proc. Natl Acad. Sci. USA 97, 5387-5392. 

6. Boder, E. T., Midelfort, K. S. & Wittrup, K. D. 
(2000) Proc. Natl. Acad. Sci. USA 97, 10701- 
10705. 

7. Hawkins, R. E., Russell, S. J. & Winter, G. (1992) 
/ Mol Biol. 226, 889-896. 

8. Gram, H., Marconi, L. A., Barbas, C F. D., Collet, 
T. A., Lerner, R. A. & Kang, A. S. (1992) Proc. 
Natl. Acad. Sci. USA 89, 3576-3580. 

9. Boder, E, T. & Wittrup, K. D. (1997) Nat. Bio- 
technol IS, 553-557. 

10. Cappellaro, C, Baldermann, G, Rachel, R. & 



Tanner, W. (1994) EMBO L 13, 4737-4744. 

11. Lanzavecchia, A. (1985) Nature (London) 314, 
537-539. 

12. Foote, J. & Eisen, H. N. (1995) Proc. Natl. Acad. 
Sci. USA 92, 1054-1056. 

13. Batista, F. D. & Neuberger, M. S. (1998) Immunity 
8, 751-759. 

14. Boder, E. T. & Wittrup, K. D. (1998) Biotechnol 
Prog. 14, 55-62. 

15. Garcia, K. C, Scott, C. A., Brunmark, A., 
Carbone, F. R., Peterson, P. A., Wilson, I. A. & 
Teyton, L. (1996) Nature (London) 384, 577-581. 

16. Wyer, J. R., Willcox, B. E., Gao, G. F., Gerth, 
U. G, Davis, S. J., Bell, J. I., van der Merwe, P. A. 
& Jakobsen, B. K. (1999) Immunity 10, 219-225. 

17. Shortman, K & Scollay, R. (1994) Nature (Lon- 
don) 372, 44-45. 

18. Bevan, M. J. (1977) Nature (London) 269, 417- 
418. 

19. von Boehmer, H. (1990) Annu. Rev. Immunol. 8, 
531-556. 



20. Sykulev, Y:, Cohen, R. J. & Eisen, H. N. (1995) 
Proc. Natl. Acad. Sci. USA 92, 11990-11992. 

21. Schodin, B. A., Tsomides, T. J. & Kranz, D. M. 
(1996) Immunity 5, 137-146. 

22. Valitutti, S., Muller, S., Cella, M, Padovan, E. & 
Lanzavecchia, A. (1995) Nature (London) 375, 
148-151. 

23. McKeithan, T. W. (1995) Proc. Natl. Acad. Sci. 
USA 92, 5042-5046. i 

24. Rabinowitz, J. D., Beeson, C, Lyons, D. S., Davis, 
M. M. & McConnell, H. M. (1996) Proc. Natl. 
Acad. Sci. USA 93, 1401-1405. 

25. Hopfield, J. J. (1974) Proc. Natl. Acad. Sci. USA 
71, 4135-4139. 

26. Fersht, A. (1977) Enzyme Structure and Mecha- 
nism (Freeman, San Francisco), pp. 285-286. 

27. Sykulev, Y., Brunmark, A., Jackson, M., Cohen, 
R. J., Peterson, P. A. & Eisen, H. >N. (1994) 
Immunity 1, 15-22. 

28. Yelton, D. E., Rosok, M. J., Cruz, ,G., Cosand, 
W. L., Bajorath, J., Hellstrom, L, Hellstrdm, K. E., 
Huse, W. D. & Glaser, S. M. (1995) * Immunol. 
155, 1994-2004. 



Foote and Eisen 



PNAS | September 26, 2000 | vol.97 | no. 20 | 10681 



52 



The specificity of TCR/pMHC interaction 

Markus G Rudolph and Ian A Wilson 



Crystal structures of 1 1 complexes of TCRs with peptide/MHC 
(pMHC), that represent 6 independent TCRs, constitute the 
current structural database for deriving general insights into 
how <xp TCRs recognise peptide-bound MHC class I or class II. 
The TCRs adopt a roughly diagonal orientation on top of the 
pMHCs, but the identification of a set of conserved interactions 
that dictate this orientation is not apparent Furthermore, the 
specific interaction of each TCR with its cognate pMHC partner 
is quite variable and also involves bound water molecules at the 
TCR/pMHC interface. In two of the systems, the structural 
basis for binding of altered peptide ligands has illustrated that 
the only significant conformational changes occur in the 
TCR/pMHC interface, but their small magnitude is inconsistent 
with the enormous variation in signalling outcomes. The TCRs 
adjust to different agonist, partial agonist and antagonist 
peptides by subtle conformational changes in their 
complementarity-determining regions, as previously observed in 
induced-fit mechanisms of antibody/antigen recognition. 
Alloreactive-complex structures determined or modelled so far 
indicate increased interactions of the TCR (3-chain with the 
pMHC compared with their syngeneic counterparts. 
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Abbreviations 

APL altered peptide ligand 

BSA buried surface area 

COR complementarity-determining region 

HV4 hype rvari able region 4 

pMHC peptide/MHC 

sc single-chain 



Introduction 

Since determination of the first mouse and human TCR 
and TCR/pMHC (peptide/MHC) structures [1-3,4"] in 
1996 and soon afterwards, the expected flurry of new TCR 
structures and TCR/pMHC complexes has not materi- 
alised (Figure 1). Indeed, just four new independent 
TCR/pMHC complexes, two with MHC class I [5,6**] and 
two with MHC class II [7,8**], have been published in the 
past three years (Table 1). This situation attests to the 
continued difficulty in producing sufficient quantities of 
TCRs, either intact or as single-chain (sc) TCR Fv-like 
fragments, for crystallographic studies. In contrast, the 
number of MHC class I and class II crystal structures has 
been increasing dramatically (Figure 1), similar to the 
explosion in antibody structure determinations that began 
around 1989-1990. Although we have been able to derive 



an enormous amount of information already from these six 
independent TCR/pMHC complexes, history tells us, 
when considering the antibody/antigen field [9], that not 
all key structural principles of TCR/pMHC recognition 
will be gleaned from these first few structures. 
Nevertheless, given the fact that ap TCRs are restricted 
to MHC or MHC-like antigens, this situation may be 
mitigated compared with the almost infinite diversity that 
must be accounted for in antibody/antigen recognition. 

In the past two years, the most significant advances in 
our understanding of TCR/pMHC interactions have come 
from the determination of three new TCR/pMHC 
complexes [6**,7,8**] that now include an MHC class I 
allogeneic complex and the first complexes with mouse 
and human MHC class II. In addition, several other com- 
plexes have been published with altered peptide ligands 
(APLs), which include strong agonists, weak agonists and 
antagonists for two systems — the human A6/HLA-A2 
[10] and the mouse 2C/H-2K b [4**]. Two allogeneic 
TCR/pMHC complexes [6*MT] have illustrated that the 
general structural features seen in syngeneic complexes 
apply, although some surprises have come from one of 
these structures [6**]. Finally, this past year produced the 
first structure of a ^6 TCR [12**] that now completes our 
structural view of primary antigen-recognition recep- 
tors—the antibody, the aP TCR and the 76 TCR 
(Figure 2). These new crystal structures from 1999-2001 
and the insights they brought are the focus of this review 
(Table 1). Other notable previous reviews on this subject 
include [13-20]. 

Production of TCR/pMHC complexes 

No general method has yet emerged for rapid production 
of sufficient quantities of soluble TCRs for crystallographic 
studies. In a previous review [13], we outlined some of the 
expression systems that were used to produce TCR 
protein for structural studies. Here, we will only briefly 
highlight novel features that facilitated production of 
TCR/pMHC crystals. 

Most of the MHC molecules have been produced in 
Escherichia coli and refolded from inclusion bodies, except 
for murine H-2K b and HLA-DR1, which have also been 
produced in Drosophila melanogaster cells (Table 1). For 
MHC class II, the peptide is normally covalently attached 
through a linker to the amino terminus of the (5-chain, in an 
innovative approach pioneered by Kappler and Marrack 
(see [21]). In another extraordinarily inventive approach, 
the peptide was covalently connected not to the MHC, but 
to the amino terminus of the p-chain of the TCR [8**]. 
This construct was critical in obtaining stable complexes of 
human TCR HA1.7 with HLA-DR1 and HLA-DR4 that 
permitted their crystallisation [8**,11*]. This type of 
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Figure 1 



Cumulative number of MHC, TCR and 
TCR/pMHC-complex crystal structures. The 
number of structures is plotted as a function 
of their deposition year in the Protein Data 
Bank (PDB) [72]. The plot does not contain 
structures that were superseded by 
re-determination at higher resolution. In order 
to avoid redundancy, the TCR and MHC 
structures in TCR/pMHC complexes are not 
included in the individual numbers. However, 
MHC and TCR complexes with other 
molecules, such as superantigens or 
antibodies, are included. For the TCRs T all 
fragments and constructs (such as single 
chains) that were determined by either X-ray 
diffraction or NMR spectroscopy are included. 
The first MHC crystal structure was 
determined in 1 987 [36] and, after an 
approximately 5-year lag, the number of MHC 
structures increased dramatically, with as 
many as 1 5 structures added to the PDB in 
2000. Compared with that, the number of 
new TCR and TCR/pMHC structures is 
lagging behind considerably. 
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stabilisation of complexes by reducing the (unfavourable) 
change in entropy during complex formation through cova- 
lent connection of binding partners has been successfully 
used previously, such as in scFvs [22], scTCRs [6* # ,7] and 
the CD^eydimer [23*]. 

These methods clearly have proven useful as a valuable 
general strategy to obtain homogenous samples for 
crystallisation. For the TCRs, intact extracellular domains 
have been produced both in E. colt and Z). melanogaster y 
whereas scTCRs have been produced in both E. colt 
and myeloma cells. All of the relevant details on these 
expression constructs can be found in the primary 
references cited in Table 1. 

The k6 TCR structure 

Antibody structures were first determined in 1971 (see 
[24-26]), but ic took another 25 years to visualise the 
intact ot(3 TCR structure [1,2]. Five years later (2001), we 
finally were presented with our first glimpse of a v$ TCR 
[12' # ] to complement the V6 chain structure determined 
in 1998 [27]. This y& TCR structure confirmed the view 
that these three sets of key antigen-recognition receptors 
have similar overall anatomies (Figure 2). The y5 TCR 
has often been called 'antibody-like 1 , as compared with 
the ap TCR, because of its ability to recognise intact 
proteins ([28]; reviewed in [29]) and in the correspondence 
of the lengths of their central complementarity-determining 
region (CDR)3 loops with antibodies rather than with 
ccp TCRs ([30]; reviewed in [31]). The study also 
described the putative binding site for phospho-antigens, 
for example pyrophosphates that are derived from 
mycobacteria [32,33]. 



TCR/pMHC orientation 

The six independent TCR/pMHC complexes (Table 1) 
show some fluctuation in the orientation that the TCR 
adopts on top of the pMHC (Figure 3a-c). This orientation 
was originally described as diagonal [1,2], but has recently 
been described for a class II TCR/pMHC complex as 
orthogonal [7]. However, it appears that the TCR orienta- 
tion or twist on MHC class I and class II deviates about a 
relatively restricted mean that is currently spread by about 
35° (Figure 3a), but that is still consistent with a generally 
diagonal orientation and footprint on the pMHC 
(Figures 3a and 4). However, as noted previously [5,34], the 
TCR deviates not only in its twist, but also in its roll (range 
19°) and tilt (range 30°), which can be represented by the 
angle of inclination of the pseudo twofold axis between the 
Voe and VP domains relative to the MHC P-sheet floor 
(Figures 3b,c). Tn addition, the TCRs can differ in their otp 
chain pairings, such that the pseudo Vot/VP twofold angle, 
which currently varies from 166° to 180°, can also con- 
tribute to the variation in TCR orientation on the pMHC. 

Tn earlier structures, a relatively constant interaction of Va 
with the amino-tcrminal half of the peptidc-binding 
groove was noted, as compared with the much more 
variable Vp interaction with the carboxy-terminal half 
(reviewed in [13]). This generalisation is still borne out in 
the recently described complexes, except for the allogeneic 
scBM3.3/H-2K h /pBMl complex, where almost no direct 
contacts arc observed between the Va chain and the 
pMHC (Figures 3c and 4), In the scBM3.3 structure, Va 
hovers just above the surface, creating a voluminous cavity 
that is occupied by -30 water molecules [6**]. Otherwise, 
considerably more variation occurs in Vp interactions with 
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Table 1 



Overview of TCR/pM HC complex structures 1996-2001. 



Complex CTCR/MHC/peptide) PDB ID 



Peptide activity 



Constructs and expression systems 



References 



Class I 

2C/H-2KWdEV8 

2C/H-2K b /SiYR 
2C/H-2rO><n3/dEV8 

scBM3.3/H-2KWpBM1 

B7/HLA-A2/Tax 
A6/HLA-A2/Tax 
A6/HLA-A2/TaxP6A 
A6/HLA-A2/TaxV7R 
A6/HLA-A2/TaxY8A 
Ml 



scDlO/l-A k /CA 



HA1.7/HLA-DR1/HA 



HA1 .7/HLA-DR4/HA 



2ckb 

1g6r 
1jtr 

1fo0 

1bd2 
1ao7 
1qrn 
1qse 



1d9k 



1fyt 



1j8h 



Weak agonist 

Superagonist* 
Weak agonist 

Agonist 

Strong agonist* 
Strong agonist* 
Weak antagonist 
Weak agonist 
Weak antagonist 

Agonist 



Agonist 



D. melanogaster, acidic/basic leucine 
zipper for specific TCR chain-pairing 



Myeloma cells for TCR, £ coli for MHC 
(refolded from inclusion bodies) 

£ coli, refolded from inclusion bodies 

£ coli, refolded from inclusion bodies 



£. coli for TCR, refolded from inclusion 
bodies; CHO cells for MHC. Peptide 
covalently connected to the MHC 

E. coli for TCR, refolded from inclusion 
bodies; D. melanogastertor MHC. Peptide 
covalently connected to the TCR 



[1,3] 

[4-] 

(a) 

[6-] 

[5] 

[2] 

[10] 

[10] 

[10] 

[7] 

[8-] 

[1T] 



♦The designation 'superagonist' or 'strong agonist* is equivalent in these instances, (a) JG Luz, M Huang, KC Garcia, MG Rudolph, L Teyton, IA Wilson, 
unpublished data PDB ID, PDB identification number, sc, single-chain Fv fragment of the TCR. Only structures from 2000 onwards are annotated. 



pMHC, as illustrated by the clustering of the tips of 
CDRlaand CDR2a loops, compared with the diversity in 
positioning of the equivalent CDRp loops in different 
complexes (Figures 3a and 5). 

Analysis of the TCR/pMHC interactions 

Eleven TCR/pMHC complex structures have been 
published (or the results are 'in press') during the past five 
years (Table 1). A detailed analysis of these complexes, 
that includes comparison of buried surface area (BSA) at 
the TCR/pMHC interface, and the contributions to the 
interface of peptide versus MHC, of Va versus Vp and of 
the individual CDR loops, is given in Table 2. The BSA for 
the TCR/pMHC complex varies extensively — between 
1239 A 2 and 1931 A 2 . The percentage contribution of the 
peptide to the pMHC side of that interface is more 
narrowly confined to a range of 21%-34%, whereas Va has 
contributed from 37%-74% (average 57%) and, conversely, 
VP from 26%-63% (average 43%) of the TCR buried 
surface. A similar bias in chain usage has been noted for 
antibodies, where V H usually provides a larger contribution 
to the antibody/antigen interface [9]. 

An extraordinary amount of variation also occurs in the 
contribution of individual CDR loops to their respective 



TCR/pMHC interfaces. For Va, the percentage 
contribution of its CDRs 1-3 to the buried surface varies 
from an average of 21% for CDRla (range 14%-29%), to 
12% for CDR2a (8%-17%), and to 21% for CDR3a 
(6%-27%). Hypervariable region 4 (HV4) makes relatively 
little percentage contribution to either the a chain 
(0-11%) or the P chain (0-2%) interface, but could still 
contribute key orienting contacts or electrostatic 
interactions (see below). For VP, the equivalent values 
are more extreme, with average contributions for CDRlp 
being 6% (0-16%), 11% for CDR2P (0-23%) and 24% for 
CDR3P (10%-39%). In some instances, CDRs IP and 2P 
actually contribute little (or nothing) to the TCR/pMHC 
buried surface, as for complexes of TCRs A6 and B7 
with HLA-A2. 

In fact, when one analyses the actual number of contacts 
rather than the buried surface (Table 2, bottom), CDRlp 
and CDR2p often make minimal contact with the 
pMHC compared with CDR3p. For Va, this trend 
mainly applies to CDR2a, although it is much less 
pronounced, except for the allogeneic scBM3.3 complex 
where CDR3a has almost no contacts. Thus, in most 
cases, the centrally located CDR3 loops dominate the 
interactions with pMHC. 
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Figure 2 




Overall comparison of the anatomy of antibody Fab, cc0 TCR and y5 
TCR structures. Light-grey shading is used for the antibody light (L) 
chain and TCR a or 8 chains; dark-grey shading is used for the 
antibody heavy (H) chain and TCR p or y chains. The CDR loops are 



colour-coded as follows: for the L, a and 5 chains, CDR1 is dark blue, 
CDR2 is magenta and CDR3 is green; for the H, p and y chains, 
CDR1 is cyan, CDR2 is pink, CDR3 is yellow and HV4 is orange 
(TCRs only). 



The contribution of the bound peptide to TCR 
interactions 

How much does the peptide itself contribute to the 
pMHC interface? How can the TCR distinguish one 
peptide from another, when presented by the same MHC 
molecule? Many immunological studies (e.g. [35]) prior to 
the determination of a TCR/pMHC structure — combined 
with the plethora of pMHC structures that first originated 
from the HLA-A2 structure in 1987 [36] and subsequent 
single-peptide/pMHC complexes in 1992 [37-39] — sug- 
gested that a few up-pointing side -chains of the peptide 
would be the major determinants that contribute to the 
specificity of the TCR/pMHC interaction. 

Physiological ligands 

The TCR/pMHC crystal structures have graphically 
cemented that view, where usually only 2-5 peptide 
side-chains are involved in direct TCR contact (Table 3). 
In MHC class I, these interactions are dominated by 
the peptide residues that bulge most out of the groove 
and, hence, represent functional hotspots [4**] in the 
TCR/pMHC interface. For nonamer and octamer 
peptides, these represent predominantly residues P5, P7 
and P8, and P4, P6 and P7, respectively. For MHC class II 
peptides, the key side-chain contributions are more uni- 
formly dispersed (predominantly P-l, P2, P3, P5 and P8) 
due to the extensive backbone interactions in the class-II 



binding groove that confine their structures to repeating 
polyproline type-II helix-like conformations [40]. In 
class II, the peptides also lie slightly deeper in the MHC 
binding groove (Figure 3d). 

Clearly, the peptide is able to dominate the TCR/pMHC 
interface more in MHC class I due to the differential 
ability to bulge out of the groove depending on the length 
of the peptide and the polymorphic residues that line the 
MHC pep tide -binding groove [41**]. Extensive ridges in 
some MHCs force the peptide to bulge even higher out of 
the groove and provide more intimate contact with the TCR 
[42,43]. On the other hand, the contribution of the peptide 
backbone to TCR interaction is very modest for both MHC 
class I and class II, where none, or only a handful of, contacts 
are made (Table 3, bottom). The only exception so far is for 
the HLA-A2fTax complex, where the large P4-P5 bulge 
includes a glycine at P4 that enables the TCR to more 
easily access the peptide backbone (Figure 3d). 

Altered peptide ligands 

So far, no dramatic structural changes that could account for 
the magnitude of the different signalling outcomes of various 
APLs have been noted in the TCR/pMHC structures, when 
strong agonist, weak agonist and antagonist peptides are 
presented by the same MHC to the same TCR [4**, 10]. Only 
slight readjustments occur in the TCR/pMHC interface to 
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Table 2 

Crystal structures and analysis of TCR/pMHC-dass-l complexes. 



TCR 


2C 


2C 


SC8M3.3 


B7 


A6 


A6 


A6 


A6 


scD10 


HA1.7 


HA1.7 


Average 


MHC 


H-2Kb 


H-2K*> 


H-2Kb 


HLA-A2 


HLA-A2 


HLA-A2 HLA-A2 


HLA-A2 


l-Ak 


HLA-DR1 


HLA-DR4 
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Peptide 


dEV8 


SIYR 


pBMl 


Tax 


Tax 


TaxP6A TaxV7R 


TaxYSA 


CA 


HA 


HA 
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23 
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0 
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11 
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7 
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0 
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36 
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39 
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53 
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Z** 


HV4 


1 


2 


1 


0 


0 


0 


0 


0 


0 


1 


1 


1 


# Contacts 


























MHC 
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34 


60 


47 


60 
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Total 


86 


74 


94 
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123 
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148 


1 12 


132 


1 21 


116 


1 13 


v« 


69 
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29 


72 


74 


98 


96 


88 


70 


46 


51 
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CDR1 


23 


19 


11 


25 


24 


23 


21 


23 


28 


13 


16 


21 


CDR2 


17 
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16 


17 


3 


4 


8 


9 


16 


2 


5 


9 


CDR3 


26 


20 


2 


30 


41 


60 


56 


49 


23 


30 


29 


33 
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0 
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6 


9 


5 
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49 
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57 


24 
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CDR1 
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0 


0 


15 


13 


6 
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9 
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0 


0 
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15 
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31 
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34 
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24 
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22 


25 


30 


HV4 


0 
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0 


0 


0 


0 


0 
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BSA was calculated with MS [73] using a 1.7 A probe radius. Contacts were calculated with HBPLUS [74] and CONTACSYM [75]. 



accommodate different up-pointing peptide side -chains. In 
the A6 system, the number of peptide/TCR contacts does 
not correlate with the degree of agon ism and antagonism 
(Table 3), although there is a slight, but probably insignifi- 
cant, increase in the overall BSA for the strong agonist, Tax 
(Table 2). Similarly, in the 2C system [4"], the BSA does not 
change much, but the complementarity and the number of 
TCR/pMHC contacts increases despite the relatively minor 
substitution of an arginine (in the strong agonist, SIYR) for a 
lysine (in the weak agonist, dEV8) at P4 (Table 3). Again, no 
gross conformational changes in the TCR or pMHC are 
observed, but slight rearrangements in the CDR loops 
accommodate the different peptides (Figure 5b), as particu- 
larly exemplified by the conformational adjustments seen in 
the CDR3P loop in the A6 TCR on binding different 
pMHCs (Figure 5c). 

The correlation between the half-life of a complex [44] and the 
degree of agpnism or antagonism is also not clear-cut In both 



2C and A6, the strong agonists (SIYR and Tax) have a longer 
half-life (9.2 s and 7.5 s) than weak agonists (37 s for 
H-2K b /dEV8 and 1.5 s for HLA-A2/TaxV7R). However, by 
using surface plasmon resonance (SPR), agonists have been 
found in the A6 system that have shorter half-lives than antag- 
onists [45*]. In this study, an antagonist was converted to an 
agonist by stepwise filling of a cavity in the TCR/pMHC inter- 
face and the biological activity paralleled the TCR/pMHC 
affinity, not the half-life of the complex [45*]. So questions arise 
as to whether these SPR measurements using soluble receptors 
really represent what is happening on the cell surface. Longer 
half-lives of TCR/pMHC complexes on the cell surface could 
lead to additional stabilisation by the co-receptors CD4 and 
CD8 [46]. Although solution studies yielded contradictory 
results for TCR/pMHC oligpmerisation [47,48], lateral 
interactions among the TCR/pMHC signalling complexes or 
interactions with other co-stimulatory or inhibitory receptors, as 
in the immunological synapse, may only form above a 
certain threshold of TCR/pMHCncomplex half-life [49]. 
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Positive selection and TCR bias 

A question that we have been specifically asked to address 
with respect to the current set of TCR/pMHC crystal 
structures is how positive selection on self-pMHC 
molecules produces a repertoire highly biased to effective 
recognition of unknown foreign peptides bound to the 
same allelic form of an MHC molecule. 

This question could be restated to ask how it is that 
positively selected T cells retain sensitivity to peptides 
they encounter in the periphery. Clearly, foreign peptides 
are not really any different from self-peptides and, indeed, 
some may be antagonists as well as agonists. Which ones 
are which depends on the complementarity of their 
interaction with the TCR in the context of the pMHC. 
The conserved docking mode of the TCR on the pMHC 
offers some explanation for how a collection of different 
peptides — the peptide repertoire — is recognized in the 
context of the same MHC. The same interactions that 
steer the TCR towards its generally diagonal orientation 
place the CDR1 and CDR2 loops over the long al and 0t2 
(pi) helices of the MHC class I (II) molecule. Indeed, 
given the more conserved interactions for the Va CDR1 
and CDR2 loops with pMHC that have been shown so far, 
the Va domain would appear to be more critical in deter- 
mining the orientation and hence in setting up the readout 
of the peptide sequence. These relatively conserved 
germline CDR1 and CDR2 interactions [13] provide the 
basic affinity of the TCR for the generic MHC allele, 
where the CDR3 loops are positioned to primarily contact 
the peptide. 

Various mutagenesis experiments have shown that no single 
contact or set of contacts dominates the TCR/pMHC 
interaction [50], contrary to what is often observed in 
antibody/antigen interactions, where somatic mutation can 
allow a small number of high-affinity interactions to 
dominate the energy landscape [51]. For TCRs, if the affinity 
(or half-life) of the complex in the thymus becomes too 
high (or long) due to excessive interactions with the 
peptide, negative selection will occur. 

Thus, interaction of the CDR1 and CDR2 loops with the 
MHC-helices, or even the peptide backbone, is likely to 
be responsible for positive selection, whereas the CDR3 
loops play a more important role in negative selection. The 
latter leads directly to priming of the TCRs for sensitivity 
against any peptide encountered in the periphery: CDR1 
and CDR2 loops provide for basal affinity, and CDR3 
loops for specificity. Again, lack of any somatic mutation in 
the TCRs that would drive high-affinity engagement 
allows the TCR to be relatively permissive for substitu- 
tions of peptide side-chains in the interface. Certain key 
positions in the peptide, usually those that protrude high- 
est from the groove, provide the basis for discrimination of 
peptide and for altering the affinity or half-life of the 
TCR/pMHC interaction. As described for the 2C system 
[4**], the central P4 and P6 up-pointing residues form a 



functional 'hotspot* around which the TCR is highly 
sensitive to changes in the particular peptide residues. 

Furthermore, in some linked examples of alloreactive 
complexes, substantial bulging of the peptide out of the 
groove may dominate the interaction so as to allow 
cross-reactivity with * foreign* MHC that may even disrupt 
the standard Va interactions [6**]. In normal situations, the 
generally diagonal orientation places the CDR3 loops in 
the center of the groove where, for class I peptides, 
substantial bulging of the peptide backbone or protrusion 
of the central peptide side-chains can arise. The curvature 
of two interacting globular surfaces of the TCR and 
pMHC leads to greater distances between the peptide at 
the amino terminus, and to some extent at the carboxyl 
terminus, than in the middle, again explaining the 
sensitivity of the central CDR3 loops to reading-out the 
central peptide sequence. For class II peptides, the central 
P1-P9 residues are of more constant depth and do not rise 
towards the TCR except at their ends. 

Such effects are tabulated in Table 3 where, for class I, the 
main peptide contribution to TCR recognition are at P5, 
P7 and P8 for nonamers, and P4, P6 and P7 for octamers. 
For class II, the corresponding residues are P5 and P8, but 
P2 also becomes a player, because its backbone interaction 
with the class II MHC raises the amino end of the class II 
peptide out of the groove in relation to the more deeply 
embedded amino end of the class I peptides. The greater 
conservation of the TCR a chain interaction and location 
in the syngeneic complexes determined so far suggests 
that the a chain may play a more important role in setting 
up the initial pMHC interaction, whereas the p chain then 
is able to adapt to fit whatever is encountered in the form 
of peptide at the carboxy-terminal half of the groove. 

Alloreactivrty 

Alloreactivity may occur in response to the polymorphic 
variation in the MHC or in selection of a different peptide 
repertoire as a result of these 'mutated* residues in the 
MHC. So far, three complexes have been used to address 
this issue ([6**, 11*]; JG Luz, M Huang, KC Garcia, 
MG Rudolph, L Teyton, IA Wilson, unpublished data). 

The complex of the scBM3.3 TCR with the allogeneic 
MHC H-2K b is perhaps the most structurally distinct so 
far, but the corresponding syngeneic complex is currently 
not known. The scBM3.3 TCR tilts substantially towards 
the p-chain side (Figures 3c and 4), with the a-chain mak- 
ing few direct contacts with the MHC (Table 2). In fact, 
the long central CDR3a is flared back such that it makes 
no contacts with the peptide and only two with the MHC 
(Table 2). The majority of the interactions are with the 
p-chain, consistent with that proposed for the interaction 
of H-2L d with TCR 2C, where an extreme bulge in the 
carboxy-terminal half of the peptide is likely to increase 
its interaction with the TCR p-chain [43]. Two recent 
structural studies ([ll - ]; JG Luz, M Huang, KC Garcia, 



58 Antigen processing and recognition 



Figure 3 
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MG Rudolph, L Teyton, IA Wilson, unpublished data) 
confirm that subtle changes in allogeneic MHCs may alter 
the peptide conformation and location such that the same 
peptide is presented differently to the TCR. Thus, these 
structural studies conclude that TCR interaction with the 
bound peptide strongly affects the alloresponse. 



TCR conformational variation and changes 

Sufficient numbers of TCR structures are now available to 
assess the extent of conformational variation that arises in 
their antigen-combining sites (Figure 5a). As expected, the 
four TCR outer CDRs 1 and 2 adopt canonical conforma- 
tions [52*], as first described for antibodies [53,54]. A small 
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Figure 3 legend 



Relative orientation of the TCR on top of the MHC and comparison of 
peptide conformations in TCR/pMHC (class I versus class II) 
complexes. The MHC helices are shown as light and dark grey tubes 
for class I and class II, respectively. The CDR loops are coloured as in 
Figure 2. Lines and axes are coloured blue for class II TCRs and orange 
and red for human and mouse class I TCRs, respectively, (a) Variation in 
the diagonal (twist) orientation of the six independent TCR/pMHC 
complexes. The projection of a linear least-squares fit through the 
centres of gravity of the CDR loops is shown for the six different TCRs. 
(b,c) Variation in the tilt and roll of TCR/pMHC complexes. The pseudo 
two-fold axes (colour code as above) that relate the Va and Vp domains 
of the TCRs to each other are shown for twelve TCR/pMHC structures 
of six different TCR molecules (scDl 0\ HA1 .7, B7, A6, 2C and 



number of discrete canonical conformations may be able to 
describe most of the known sequences of the eel ,2 and pl,2 
loops. At present, 3-4 canonical structures have been 

Table 3 



Interactions of the peptide component of the pMHC with the TCR. 



TCR/MHC/peptide 

Peptide side-chain 
contacts with TCR 

Human class I 
A6/HLA-A2/Tax 
A6/HLA-A2/TaxP6A 
A6/HLA-A2/TaxV7R 
A6/HLA-A2/TaxY8A 
B7/HLA-A2/Tax 

Mouse class I 
scBM3.3/H-2K b /pBM1 
2C/H-2Kb/dEV8 
2C/H-2Kb/SIYR 

Human/mouse class II 
scD10/l-Ak/CA 
HA1.7/HLA-DR1/HA 
HA1.7/HLA-DR4/HA 

Peptide main-chain 
contacts with TCR 

Human class I 
A6/HLA-A2/Tax 
A6/HLA-A2/TaxP6A 
A6/HI_A-A2/TaxV7R 
A6/HLA-A2/TaxY8A 
B7/HLA-A2/Tax 

Mouse class I 
scBMS.S/H^KWpBMI 
2C/H-2K b /dEV8 
2C/H-2KWSIYR 

Human/mouse class II 
scDlO/l-A k /CA 
HA1.7/HLA-DR1/HA 13 
HA1.7/HLA-DR4/HA 13 



There are no TCR contacts with peptide residues P3 or P9 in any class I 
complex, whereas no TCR contacts are observed for peptide residues P1 , 
P9 (P8 for octamers), or P+1 in any class II complex. All interactions were 



scBM3.3). This gives a good estimate of the inclination (roll, tilt) of the 
TCR on top of the MHC, which is a function of the TCR, not the pMHC 
ligand. One extreme case is the allogeneic sc8M3.3 TCR, which is 
shown as a transparent Ca trace in the side view of (c). (d) The Ca 
traces of the bound peptides (removed from their respective MHCs) are 
drawn as tubes with the TCR-contacting side-chains (see Table 3) as 
stick representations. Only a representative peptide for each of the six 
independent TCR/pMHC complexes is shown (Table 1). Oass-l-bound 
peptides from mouse and human are coloured red and green, 
respectively. Peptides from class II complexes are coloured blue. The 
peptides are oriented with their TCR-contacting residues pointing 
upward. The fJ-sheet floors of the peptide-binding sites of the MHC 
molecules were superimposed to align the peptides. 



defined for each of these loops [52*]. What makes the 
TCR different from antibodies is the enormous variation 
seen in both of the central CDR3s (Figure 5a). In antibodies, 



Total* 
contacts 



P8 P9 

11 33 

12 - 44 
14 - 45 
- 20 
10 - 47 

P6 P7 P8 

20 8 - 29 
3 2 - 23 

21 - - 35 

P8 P9 FM-1 

7 31 

8 27 
8 24 



P8 P9 

1 - 14 

1 - 16 

1 - 13 
- - 10 
3 13 

P6 P7 PB 

2 3 5 

P8 P9 P+1 

1 3 

1 2 1 3 7 

1 2 4 7 



calculated with HBPLUS [74] and CONTACSYM [75J using standard van 
der Waais radii and a probe radius of 1.7 A The Tax peptide residue P4 is 
a glycine, which may explain its accessibility for man-chain contacts. 



#Peptide Peptide residue (P) and # contacts per residue 

residues 



P1 P2 P3 P4 P5 P6 P7 

9 1 - - - 15 1 5 

9 ----27-5 

9 1 - - - 19 - 11 

9 4 - - - 15 - 1 

9 4-- - 29 - 4 

P1 P2 P3 P4 P5 

8 - 1 

8 - 18 - 

8 - 14 

P-2 P-1 P1 P2 P3 P4 P5 P6 P7 

16- 1 -11- - 8- 4 

13- 6-2 4 16-- 

13- 4-4 5 - 3- - 



P1 P2 P3 P4 P5 P6 P7 

9 - 1 - 10 - 1 1 

9 1 - 11 - 2 1 

9 - 1 - 10 1 - - 

9 - 1 - 9 - - - 

9 - - - 5 - 1 4 

PI P2 P3 P4 P5 

8 - - 

8 - - 

8 - - - 

P-2 P-1 P 1 P2 P3 P4 P5 P6 P7 

1Q „ __ _ _ _ 1 1 
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Figure 4 legend 



Relative contributions of the TCR Vot and Vp domains to the BSA 
of TCR/pMHC complexes. The view is from the TCR onto the 
peptide-binding site of the MHC. Peptide and MHC Ca traces are 
shown as red and grey tubes, respectively. The surface buried by 



the TCR Vot (dark blue) and V0 (cyan) domains on the pMHC 
is represented as dots. Note the substantially reduced direct 
contacts of Vot with the pMHC in the allogeneic sc8M3.3/H- 
2Kb/ p BMl complex. 



CDR L3 adopts a well-defined set of canonical structures, 
but the equivalent CDR3a loop is, in fact, the most 
variable in the current set of TCR structures. Thus, the 
prediction [55] that these central CDRs would be most 
variable and adapt to the pMHC primarily (but not exclu- 
sively [6**]) through contact with the peptide has been 
borne out. 

Induced fit has also been addressed for TCRs as it was for 
antibodies [9]. Only one published example of free and 
bound TCRs is available for the 2C TCR [1,3], where sub- 
stantially different conformations are seen for CDR la and 
CDR3ol What has yet to be resolved is whether any of the 
CDRs can change their canonical structures upon pMHC 
binding. In antibodies, these CDRs, including CDR L3, 
usually only go through segmental shifts in structure 
(~ 1 A-3 A) that change their location, but not their overall 
shape [9,54,56]. The prediction is that TCRs will also con- 
form to that notion [52*] and, in fact, the tip of the TCR 
2C CDR la loop moves in a hinge motion by 17°, without 
changing its overall shape (Figure 5b). For the central 
CDRs, it is more likely that these loops will also rearrange 
on ligand binding, as seen especially for the CDR H3 loops 
of antibodies [9]. 

Two examples are available to assess the extent of confor- 
mational variation in the CDR loops in the presence of an 
APL. For TCR 2C, only small variations are seen in 
CDR3p (Figure 5b) but, for TCR A6, these conformational 
rearrangements are much larger (Figure 5c). Evidence 
for flexibility in the TCR has also been derived from 
kinetic and thermodynamic studies [57-59]. Whether 
these data support a model in which flexible CDRs 
stabilise or rearrange upon pMHC binding remains an 
unanswered question. What is certainly consistent so far in 
both the structural and kinetic/thermodynamic experi- 
ments is that conformational rearrangements of the CDRs 
can provide better complementarity of the TCR to both 
the MHC [3] and the peptide [4**,10]. 

The role of bound water 

Several TCR/pMHC complexes contain bound water 
molecules in their TCR/pMHC interfaces. The ability of water 
molecules to provide additional complementarity by the 
filling of cavities in the interface is well documented for 
antibodies [60]. The highest resolution TCR/pMHC com- 
plexes (2.4 A-2.5 A; Table 2) contain 17 (2C/H-2Kbn*/dEV8 
[JG Luz, M Huang, KC Garcia, MG Rudolph, L Teyton, IA 
Wilson, unpublished data]), 39 (scBM3.3/H-2K b /pBMl 
[6* # ]) and 15 (HA 1 . 7/HLA-D R4/HA [!!•]) waters in their 



interface with 6, 12 and 6, respectively, mediating contact 
between the TCR and pMHC. No specific waters are 
conserved among these structures, indicating that their 
presence is dependent on the individual sequences of both 
the TCR and pMHC. In the allogeneic scBM3.3 complex, 
-30 interfacial waters are sequestered in a cavity between 
the Va and the pMHC, as a result of the TCR Va domain 
lifting up (Figure 4) from the pMHC surface [6**]. 

Thus, these recent, higher resolution TCR/pMHC 
structures indicate a strong involvement of bound water to 
provide complementarity and specificity to the recognition 
process. Indeed, small sequence and structure changes in 
either the peptide (APLs) or the MHC (as in alloreactive 
complexes) can be amplified on the pMHC surface by 
redistribution or acquisition of bound waters in the 
TCR/pMHC interface. A particularly good example of 
the role of waters in adding complementarity to pMHC 
interactions is found for the allogeneic H-2K bm8 complex, 
where water can partially substitute for loss in buried side- 
chain functional groups [61*]. In addition, such buried 
MHC substitutions, which occur frequently in allogeneic 
MHC, can transmit their effects by altering the water 
structure and the electrostatic properties on the surface, 
even though their mutated residues are not directly 'seen' 
by the TCR ([11*]; JG Luz, M Huang, KC Garcia, 
MG Rudolph, L Teyton, IA Wilson, unpublished data). 

The release of bound waters upon TCR/pMHC complex 
formation increases the entropy and thus may also con- 
tribute favourably to the binding energy. In the 2C system, 
it is estimated that the TCR must displace at least 15 
ordered water molecules from the pMHC, mainly by the 
outer CDR1 and 2 loops of both Va and VP (JG Luz, 
M Huang, KC Garcia, MG Rudolph, L Teyton, IA Wilson, 
unpublished data) that primarily contact the MHC. 
However, due to the paucity of (high resolution) structural 
examples and the lack of biochemical data, it is difficult to 
assess the generality or extent of the contribution of water 
to the TCR/pMHC binding energetics. 

Conclusions and future perspectives 

The completion of a ' r S TCR structure has finally enabled 
visualisation of the complete arsenal of primary antigen- 
recognition receptors. These receptors are remarkably 
similar in the overall structure of their antigen-binding 
domains (Figure 1) but, in the case of the ap TCR, have 
become specialised to interact primarily with MHC or 
MHC-like molecules that can present peptides, lipids or 
glycolipid fragments [62] for immune surveillance. 
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Figure 5 




Structural comparison of otp TCRs. 
(a) Overlay of the Voe/Vp domains of six 
different ofl TCRs from TCR/pMHC 
structures. The CDR and HV4 loops are 
coloured as in Figure 2. The central CDR3 
loops are the most structurally diverse and 
recognise mainly the peptide whereas the 
CDR1 and CDR2 loops recognise the mostly 
conserved structural features on the MHC. 
The two most divergent CDR3ot loops are 
labelled and belong to MHC class I 
(scBM3.3)- and class II (scDIO)-restricted 
TCRs. (b) Overlay of the unliganded 2C TCR 
with the three liganded structures. The 
unliganded 2C TCR structure shows 
significant conformational differences of both 
its CDR3a loop (light green) and CDR1 a 
loop (furthest right of the dark blue loops), 
(c) Overlay of the four liganded A6 TCR 
structures. The A6 CDR3p loop (yellow) 
shows some conformational variability in 
response to the different Tax- peptide mutants 
in the HLA-A2 complexes. 



(c) 
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What is most remarkable is the evolution of a common 
docking mode that enables the ap TCR to survey the 
contents of the MHC binding-groove. It is not the com- 
mon binding orientation that is in itself remarkable, but 
that the six independent complex-structures determined 
so far have not yet revealed the basis for this conserved 
orientation. No absolutely conserved pairs of interactions are 
apparent in these different TCR/pMHC -complex inter- 
faces that would account for their relatively fixed docking 
orientations, especially when one considers the extreme 
variability in the Vp interactions with different pMHCs. 

The variability in the tilt, twist and roll of the TCR indi- 
cates that individual solutions to the docking problem 
differ in the details in order to provide sufficient comple- 
mentarity for binding (i.e. a K d in the jjM range) and, thus, 
for signalling. In most cases, the TCR Va interactions with 
the MHC seem to predominate and, hence, provide some 
basis for a conserved orientation. But the alloreactive 
scBM3.3 TCR is inconsistent with that generality, as most 
of its interactions with pMHC are due to the p-chain. 
However, some fortuitous interactions not present in the 
syngeneic complex may have altered the relative distribu- 
tion of its interactions. Additionally, glycosylation may play 
a role in facilitating docking, as both the TCR and MHC 
are highly glycosylated which, hence, could sterically 
restrict the range of possible orientations [16,19]. 

Electrostatic interactions could also help pre-orient the 
TCR and pMHC. In TCRs, Lys68 in HV4cc is close to a 
negatively charged residue (Asp76P in MHC class II or 
Glul66a in MHC class I) and may provide some orienta- 
tion effects [63]. Although salt bridges and hydrogen bonds 
between these residues have not been conserved in all 
TCR/pMHC class I complexes (with variable distances of 
2.9A-10A between the side-chain functional groups), 
electrostatic effects, especially for orienting purposes, can 
work at a distance [64,65]. A further potential key electro- 
static interaction [8**] has now been observed in the two 
MHC class II complexes [7,8**,1 1*], between Lys39a (in a 
loop that projects out from the floor of the p-sheet) and 
Glu56P of the TCR CDR2P. 

Another major unresolved issue is how the exceedingly small 
changes in the TCR/pMHC interface in response to APLs 
can transmit such different signals via the TCR signalling 
complex. The slight (or no) increase in complementarity, in 
BSA or in the number of contacts in agonist versus antagonist 
complexes are difficult to reconcile with the substantial 
differences in signalling outcomes that can be generated. 
Although the trend of increased half-life for agonist versus 
antagonist TCR/pMHC complexes is so far maintained, 
exceptions have been found that belie this as a general rule. 
A telling question that was posed to one of us at a recent 
international meeting was: if you were given the crystal 
structures of several agonist and antagonist complexes, could 
you predict their biological behaviour — can you structurally 
differentiate the strong from the weak agonist, or the agonist 



from the antagonist? The answer is most likely no, since 
visual inspection of such similar structures cannot resolve the 
subtle differences in kinetic and thermodynamic properties 
that lead to such different signalling outcomes. 

The TCR itself seems to adapt to small changes in the 
pMHC ligand by small conformational changes or rearrange- 
ments of its central CDR loops. Water molecules themselves 
may enhance the differences in the interface between 
agonists and antagonists. The juxtaposition of two membranes, 
such as in the immunological synapse, many substantially 
enhance receptor/receptor interactions and exaggerate the 
extremely small differences in kinetic and thermodynamic 
parameters that we observe in solution between stable 
constructs of agonist and antagonist pMHCs. 

The future direction of research demands further 
TCR/pMHC complex structures in order to address these 
issues and to allow all of the general principles that govern 
TCR/pMHC recognition to be fully extracted. Perhaps the 
most important breakthrough of all would be determina- 
tion of a complete ap TCR signalling complex, including 
CD4/CD8 and the CD3y, 5, e and £ chains. Meanwhile, 
models of the TCR/pMHC/co-receptor (CD4 or CD8) 
complex can be assembled from the component pieces 
[16], which include the distal globular domains of 
CD8/pMHC class I complexes [66,67], the recent low res- 
olution CD4/pMHC class II complex [68] and the CD3ey 
NMR structure [23*]. Any global changes that could influ- 
ence TCR signalling events might become apparent from 
these more complex assemblies. However, the lack of the 
membrane-anchoring domains in constructs normally used 
for structure determination will still be a problem until we 
can routinely crystallise intact membrane proteins. 
Notwithstanding, substantial advances have certainly been 
made in the past two years in our understanding of the 
recognition of MHC class I and now class II by TCRs, as 
well as structural insights into alloreactivity and graft 
rejection, and response to APLs. Future studies should 
also deal with the extent to which bulky ligands — such as 
substantially bulged peptides [41**], glycopeptides [69,70] 
or glycolipids in the case of CD1 [71] — can be accommo- 
dated in the TCR/pMHC interface. 
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